Abstract-We introduce a tractable approach for studying the feasibility of multiple-antenna cellular networks, where lowenergy devices decode information data and harvest power simultaneously. Tools from stochastic geometry are used to quantify the information rate versus harvested power tradeoff. This letter unveils that large-scale antenna arrays and ultra-dense deployments of base stations are both necessary to harvest, with high reliability, an amount of power of the order of a milliwatt.
I. INTRODUCTION

S
IMULTANEOUS Wireless Information and Power
Transfer (SWIPT) is a technology where the same radio frequency signal is used for data transmission and for replenishing the battery of Low-Energy Devices (LEDs) [1] . The design of SWIPT cellular networks [2] poses new challenges. Cellular networks are designed considering that the interference has a negative impact on Wireless Information Transfer (WIT) [3] . The same interference, on the other hand, is a source of power for improving Wireless Power Transfer (WPT) [4] . So, the development of interference management techniques that exploit interference for WPT and counteract it for WIT plays a fundamental role.
Multiple-Input-Multiple-Output (MIMO) systems constitute a promising solution to manage and exploit the interference at once [5] . At the receiver, multiple antennas enhance data reliability and increase the harvested power via spatial diversity. At the transmitter, multiple antennas improve information and power transfer via spatial beamforming. Spatial beamforming, however, results in interference isolation that reduces the harvested power. In SWIPT cellular networks, thus, MIMOs introduce many tradeoffs that need to be quantified [5] .
Most works on SWIPT are focused on small-scale networks [5] . Its potential in large-scale networks is, on the other hand, less investigated. In [6] - [9] relay-aided networks and ad hoc networks are studied. These papers, however, consider single-antenna transmission. In [10] , ad hoc networks with multiple-antenna transmitters are studied. The analysis, however, is not applicable to cellular networks. SWIPT cellular networks are investigated in [11] and [12] for legacy and millimeter-wave frequencies. In both cases, directional antennas are taken into account but MIMO is not.
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T We introduce a tractable approach to quantify the potential of MIMO in SWIPT cellular networks. Maximum Ratio Transmission (MRT) and Maximum Ratio Combining (MRC) at Base Stations (BSs) and LEDs are considered. The locations of the BSs are modeled as points of a Poisson Point Process (PPP) and stochastic geometry is used for systemlevel analysis. Three mathematical frameworks are proposed, which provide exact, approximated, and large-scale asymptotic expressions of the Joint Complementary Cumulative Distribution Function (J-CCDF) of information rate and harvested power.
Our feasibility study shows that large-scale MIMO and ultra-dense deployments of BSs are both necessary to harvest, with high reliability, an amount of power of the order of a milliwatt. In the large-scale MIMO regime, also, the J-CCDF depends only on the average strength of the intended link. 1 
II. SYSTEM MODEL A. Cellular Network Modeling
A downlink MIMO cellular network is considered. BSs and LEDs are equipped with N t and N r antennas, respectively. The BSs are modeled as points of a homogeneous PPP, denoted by , of intensity λ. Their transmit power is P. The analysis is performed for the typical LED located at the origin [3] .
B. SWIPT Based on Power Splitting (PS)
The typical LED is equipped with information and energy receivers that operate according to the PS scheme [1] . The received power is split into two parts, according to the power splitting ratio 0 ≤ ρ ≤ 1, and is used for Energy Harvesting (EH) and Information Decoding (ID).
C. Channel Modeling
The channel model accounts for Line-of-Sight (LOS) and Non-LOS (NLOS) links due to spatial blockages, as well as for path-loss and fast-fading [13] . Shadowing is implicitly accounted for via the LOS and NLOS link model [14] .
1) LOS/NLOS Links:
Let r be the distance from a BS to the typical LED. The probability to be in LOS and NLOS as a function of r , p s (•) for s ∈ {LOS, NLOS}, is as follows:
1 Uppercase and lowercase boldface symbols denote matrices and vectors. where q
is the probability that a link of length r ∈ [a, b) is in state s, and D takes into account that LOS and NLOS probabilities are different for short and long distances [14] . Assuming no spatial correlation, can be split into two independent and non-homogeneous PPPs, LOS and NLOS , such that = LOS ∪ NLOS . From (1), the intensity of s is λ s (r ) = λp s (r ) for s ∈ {LOS, NLOS}.
2) Path-Loss: The path-loss of LOS and NLOS links is l s (r ) = κ 0 r β s for s ∈ {LOS, NLOS}, where
ν is the wavelength and β s is the path-loss exponent.
3) Fast-Fading: All channels are assumed to be independent and identically distributed (i.i.d.) CN (0, 1) RVs.
D. Cell Association
The typical LED is served by the BS providing the smallest path-loss. The other BSs act as interferers. The smallest pathloss is denoted by (n) and r (n) is the distance between a BS and the typical LED.
III. MIMO CELLULAR NETWORKS
At the BSs, MRT with directive antennas is used. Twolobe antennas are considered, where G M and G m are the gains of main and secondary lobes, and ω M is the width of the main lobe [13] . Each BS steers its main lobe towards the LED associated to it, hence the unintended links are randomly oriented with respect to each other and uniformly distributed in [0, 2π ). Thus, the received vector, y ∈ C N r ×1 , is:
where U ∈ C N r ×1 is the intended signal and I s ∈ C N r ×1 for s ∈ {LOS, NLOS} is the other-cell interference:
and n ∈ C N r ×1 is the Gaussian noise with n (τ )
The notation is as follows. 
= 1 is the beamforming vector of the serving BS. It is the eigenvector corresponding to the largest eigenvalue of 
where 
At the LEDs, MRC with omnidirectional antennas is used. The demodulation vector is w
. The signals at the input of ID and EH receivers are:
where m ID ∼ CN 0, σ 2 ID and m EH ∼ CN 0, σ 2 EH are the additive noises of ID and EH receivers [11] , respectively.
From (5), the Shannon rate (in bits/sec), R , and harvested power (in Watts), Q , of ID and ED receivers are as follows:
where B w is the bandwidth, 0 ≤ ζ ≤ 1 is the EH conversion efficiency, and I = I ID = I EH is the other-cell interference:
where
independent of χ (0) . Further details are available in [15] .
IV. SYSTEM-LEVEL ANALYSIS In SWIPT cellular networks, the tradeoff between information rate and harvested power is quantified in terms of the J-CCDF of R and Q defined in (6) . The J-CCDF is [11] :
where R * and Q * are the minimum data rate and harvested power needed for the LED to perform its tasks.
A. Exact Mathematical Framework Proposition 1:
The J-CCDF in (7) can be formulated as:
where r * = 2 R * / B w − 1
v,u and J
) are defined as follows:
and
where I ·| L (0) ; s is in (14) at the top of this page and
Proof: It follows by using an approach similar to [11] . The J-CCDF in (9) is exact but the number of addends of the summations in (9) increases with N t or N r .
B. Approximated Mathematical Framework
To increase the computational efficiency of (9) and the insight that can be gained from it, we approximate the PDF of χ (0) in (4) with that of a gamma RVχ (0) , i.e., χ (0) ≈χ (0) :
a are the mean and the variance ofχ (0) . The pair μχ(0) , η 2 χ (0) is obtained from the moment matching method, i.e., by solving the system of equations E χ (0) = μχ(0) and E χ (0) 2 − E χ (0) 2 = η 2 χ (0) , which yields:
is the ηth moment of χ (0) obtained from (4). Proposition 2: The J-CCDF in (8) can be approximated as: (1), it is more tractable as well [13] . As a result, it is useful for analyzing both centimeter-and millimeter-wave cellular networks.
C. Asymptotic (Large-Scale) Mathematical Framework Proposition 3:
In the large-scale MIMO regime, i.e., N t 1 or N r 1, the J-CCDF in (8) is asymptotically equal to:
whereỹ M = μχ(0) PG M T * and J ∞ (·; ·, ·) is defined as:
Proof: It comes from (17), setting θ a = μχ(0) m a , noting, from (16) , that m a → ∞ if N t → ∞ or N r → ∞, and:
which hold for any z ∈ C whose real part is non-negative. From the Gil-Pelaez theorem [16] , (19) can be written as:
for
As for the impact of N t and N r , the following conclusions can be drawn, in the large-scale antenna regime, from (22). The J-CCDF depends only on the average strength of the intended link:
The J-CCDF increases as μχ(0) increases, since, by definition, the first and the second addend of (22) increases and decreases, respectively, as a function of μχ(0) .
From its definition in (16) , μ χ (0) increases as either N t or N r increases. We conclude that, for any R * and Q * , F c (R * , Q * ) can be arbitrary close to one if either N t or N r are sufficiently large. Due to the limited size of the LEDs, this implies that the BSs need to be equipped with many antennas. = 0.0002; β LOS = 2.5; β NLOS = 3.5. N r = 2 is assumed, which may be applicable to smart-watches, as the average circumference of a human wrist is 14-20 cm. Simulations (details can be found in [14] ) and frameworks are obtained with Matlab and Mathematica.
In Fig. 1 , we validate the accuracy of the mathematical frameworks as a function of N t . The exact and approximated frameworks in (9) and (17) are indistinguishable from each other. The asymptotic framework in (19) becomes tighter as N t increases. In the considered setup, it is accurate enough for N t = 4. In Fig. 2 , we perform a feasibility study of SWIPT cellular networks. The curves are obtained from (17) by computing Q * that corresponds to the optimal F c (·, ·) as a function of ρ and such that R * = 100 kbits/sec and F c (R * , Q * ) = 0.90. The existence of an optimal ρ originates from the fact that Q increases and R decreases with ρ. Fig. 2 shows that different results are obtained if LOS and NLOS links are neglected. This justifies the adoption of the considered blockage model. Fig. 2 shows, in addition, that network densification and large-scale MIMO are both essential for enabling SWIPT cellular networks harvest an amount of power of the order of a milliwatt, while still guaranteeing a sufficient rate for LEDs applications.
